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Abstract 
Reduced graphene oxide (RGO)/Mn3O4 nanocomposites are prepared by a 
one-step hydrothermal approach and the performance of electromagnetic interference 
(EMI) shielding was studied. Based on an enhanced electrical conductivity through 
micro-current network induced by unique 2D nanostructures of RGO, the electron 
hopping between Mn2+ and Mn3+ is discussed. Benefiting from the enhanced effect of 
Debye dipolar relaxation and Maxwell-Wagner-Sillars (MWS) polarization on 
dielectric properties, electromagnetic wave propagating and microwave attenuation 
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performance, the maximum EMI shielding effectiveness of 29 dB is achieved.  
Keywords: B. Nanocomposites; C. Dielectric properties; C. Magnetic properties; 
EMI shielding effectiveness.  
1. Introduction 
With the fast expansion of wireless data communication, local area networks, 
satellite television, personal digital assistants and military affairs, electromagnetic 
interference (EMI) has become a severe pollution, which not only influences the 
operation of electronic devices, but also harms the living environment for human 
beings. Hence, great efforts have been made to achieve high performance 
electromagnetic (EM) wave attenuation materials [1-9]. However, it is still a big 
challenge to find a material with a highly efficient electromagnetic interference (EMI) 
shielding performance at a light weight. Reduced graphene oxide (RGO), a 
two-dimensional (2D) single layer nanostructure of sp2-compositesized carbon atoms 
is now well known for its extremely high specific surface areas and carrier mobilities 
coupling with abundant defects and hydroxyl, epoxy, and carboxyl groups in the layer. 
It has shown a high potential to include RGO in composites to obtain a high loss 
tangent and EMI shielding effectiveness [10-13]. Cao et al [14] has reported the 
excellent permittivity and EMI shielding performance of graphitized RGO/SiO2 
composites. Recently, the graphene-transition metal oxide nanocomposites have been 
explored because of their superior EM loss behaviors. For example, Xu et al [15] has 
investigated the dielectric loss of bowl-like Fe3O4 hollow sphere/RGO composites. 
The material with 30 wt% RGO showed a dielectric loss tangent varied from 0.18 to 
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0.64 in the frequency range of 2-18 GHz. A novel RGO/α-Fe2O3 composite hydrogel 
was fabricated by Zhang et al [16] with the maximum absorption of -33.5 dB at 7.12 
GHz with a layer thickness of 5.0 mm. Cao et al [17] has also synthesized 
RGO-MnFe2O4 nanocomposites with the maximum dielectric loss tangent close to 0.6. 
However, although numerous graphene nanocomposites have been studied, the hybrid 
with the most common dielectric and microwave attenuation material Mn3O4 has 
rarely been reported.  
Herein, in this work, considering the unique advantages of low cost, 
environmental compatibility and intrinsically high thermal stability of Mn3O4, we 
propose a facile one-step hydrothermal approach to synthesize RGO/Mn3O4 
nanocomposites and investigate their EMI shielding effectiveness. 
2. Experimental 
To synthesize RGO/Mn3O4 nanocomposites, GO prepared by a modified 
Hummers method [18] was pretreated by ultrasonic vibration to form a clear 
homogeneous yellow brown dispersion. A typical procedure for preparing the 
nanocomposites was as follows: 10 ml of GO solution with a concentration of 1.5 
mg/ml was mixed with 10 ml of hydrazine hydrate in a beaker. Aqueous solution of 
potassium permanganate was added dropwise to it under a vigorous stirring and the 
mixture was then stirred at room temperature for 60 min. The resulting solution was 
then transferred into a Teflon lined stainless steel autoclave (50 ml) and the 
hydrothermal process was carried out at 180 oC for 18 h. After cooling to room 
temperature, the dark products were rinsed with deionized water via centrifuging at a 
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rotation rate of 8000 r/min for several times. Finally, the as-precipitated powder was 
dried in a vacuum oven at 80 oC. The preparation of Mn3O4 nanoparticles was similar 
to above except the addition of GO. 
Powder X-ray diffraction (XRD) data were carried out by Japan Rigaku TTR-III 
diffractometer with Cu Kɑ radiation (λ= 1.5418 Å), operated at 40 kV, 100 mA. The 
sample was scanned from 10o to 90o (2θ ) in steps of 0.01o. Scanning electron 
microscopy (SEM) images of the morphology of porous materials were obtained from 
FEI QUANTA200 with microscope operating at 30 kV. The samples for SEM were 
prepared by dispersing the final powders in the conductive glue; this dispersing was 
then sprayed with gold. Detailed studies of the microstructure were also carried out by 
transmission electron microscopy (TEM) (JEOL JEM-2100) at an acceleration voltage 
of 200 kV. Raman spectra were collected using a Renishaw InVia Raman microscope, 
equipped with a CCD (charge coupled device) with the detector cooled to about 153K 
using liquid N2.  
The electromagnetic properties of the products were characterized by the 
parameters of complex permittivity and permeability. The products were mixed with 
paraffin wax in a mass ratio of 3: 1 and then pressed into toroidal-shaped samples 
(Φout=7.00 mm, Φin=3.04 mm). The complex permittivity (εr=ε’–jε”) and 
permeability (µr=µ’–jµ”) of the mixture in the 2–18 GHz frequency range were 
recorded on an Agilent N5230A vector network analyzer (VNA). εr and µr represent 
the relative complex permittivity and permeability, respectively.  
3. Results and discussion 
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Figure 1(a) shows XRD patterns of Mn3O4 nanoparticles and RGO/Mn3O4 
nanocomposites. It can be seen that all the diffraction peaks of Mn3O4 nanoparticles 
were well indexed to the tetragonal phase with the space group I41/amd (JCPDS 
24-0734, a = b =5.762 Å, c = 9.47 Å). The narrow sharp peaks confirmed that the 
Mn3O4 particle was highly crystallized. The XRD pattern of RGO/Mn3O4 
nanocomposites was similar to the Mn3O4 nanoparticles except a broad peak at ca. 24º, 
which corresponded to RGO with the interplaner spacing of 0.34 nm [19]. The Raman 
spectroscopy is also an important tool to explore the structural properties of 
synthesized materials. The Raman spectra of GO and RGO/Mn3O4 nanocomposites 
are shown in Figure 1(b). Besides a characteristic Mn3O4 peak at 630 cm-1, two other 
peaks located at the 1603 and 1361 cm-1 represented the G and D bands of carbon. 
The G band was the radial C-C stretching mode of sp2 bonded carbon, while the D 
band was the first-order zone boundary phonon mode associated with the defects in 
the graphene or graphene edge [20]. The intensity ratio (ID/IG) of the D and G bands 
was used to qualitatively characterize the defect density of RGO before and after 
reduction [21]. As shown in Figure 1(b), a further increase in defect density was 
observed following the hydrothermal reduction procedure, with RGO/Mn3O4 showing 
more pronounced defects giving an ID/IG of ~1.20. This was ascribed to the 
significantly increase of defects on the GO nanosheets following the hydrazine 
reduction process [22]. Figure 1(c) and (d) show TEM and HR-TEM images of 
RGO/Mn3O4 nanocomposites, respectively. Figure 1(c) indicated a tendency of 
agglomeration of Mn3O4 nanoparticles and formation of Mn3O4 bulks dispersed on the 
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RGO nanosheets, which resulted from the existence of abundant interface between 
Mn3O4 nanoparticles. Furthermore, the RGO sheets exhibited a crumpled and rippled 
structure induced by the deformation during the exfoliation and restacking process. 
The HR-TEM image of RGO/Mn3O4 (Figure 1(d)) revealed the highly crystalline 
nature of nanoparticles and a lattice fringe with a spacing of 0.250 nm corresponding 
to the spacing distance of (311) planes of Mn3O4. The interplaner spacing of 0.341 nm 
was in accord with the Miller indices of (002) planes of RGO. 
Figure 2(a) and (b) show the frequency dependence of the complex permeability 
and the complex permittivity of the Mn3O4 nanoparticles and RGO/Mn3O4 
nanocomposites. The real permittivity (ε’) and real permeability (µ’) implied the 
storage ability of electric and magnetic energy of the samples, while the imaginary 
permittivity (ε”) and imaginary permeability (µ”) were associated with the dissipation 
of electric and magnetic energy [23]. As shown in Figure 2(a), because of the absence 
of magnetic capability in the nanoparticles, the values of µ’ and µ” of the Mn3O4 
nanoparticles showed little fluctuation around 1 and 0, respectively. It is noteworthy 
that there was a negative value of µ” for RGO/Mn3O4 nanocomposites, which 
signifies the magnetic energy radiate out without any absorption [24]. The appearance 
of negative value are similar to the pristine RGO reported by Wang et al [25] and it 
could be attributed to the inter-particle electromagnetic interaction [26]. Even though 
this is an impossible physical phenomenon in filler-type composite without a period 
superstructure, it could be achieved in practical and this unusual phenomenon has also 
been reported in some other works [27,28]. The existence of this rare phenomenon 
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suggested that the nanocomposite sample was a dielectric loss material. From Figure 
2(b), it can be found that the real permittivity (ε’) of the two samples decreased with 
increasing frequency, which could be expressed by the famous Debye equation, i.e., 
ε’=ε∞ +(εs–ε∞) /(1+ω2τ2). According to this equation, in the frequency range 
investigated, the decrease in ε’ was attributed to the increase in angular frequency (ω). 
Much higher ε’ for the nanocomposites than the pure Mn3O4 nanoparticles in the 
whole frequency of 2-18 GHz could be found. Meanwhile the nanocomposites 
showed an imaginary permittivity (ε”) of 13.9-47.9, which was also much higher than 
0.007-0.08 of the pure Mn3O4 nanoparticles. Compared with the nearly constant ε’ 
and ε” within the whole frequency range for the Mn3O4 nanoparticles, the 
RGO/Mn3O4 nanocomposites showed a big fluctuation with both of them. The higher 
values of ε’ and ε” of RGO/Mn3O4 nanocomposites could be ascribed to the higher 
conductivity of RGO and Maxwell-Wagner-Sillars (MWS) polarization. According to 
the free electron theory, 01 2 fε ε piρ′′ = , where ε0 is the permittivity in vacuum, ρ is 
the resistivity, f is the radiation frequency [29-32], the high conductivity of RGO 
enabled a reduction in the resistivity of the nanocomposites, hence the imaginary 
dielectric constant becomes larger than that of pure Mn3O4. In addition, the MWS 
polarization, also known as the interfacial polarization, occurs when there is an 
accumulation of charge carriers at an interfacial between two materials. In 
RGO/Mn3O4 nanocomposites, because of the existing of touching interface between 
RGO and Mn3O4 nanoparticles and the defects/vacancies resulting from the restacking 
of RGO (Figure 1(c) and (d)), the free charges in graphene accumulated at the 
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interface and gave rise to a strong MWS polarization, and thus led to the enhancement 
of the dielectric constant. 
To further understand the incident electromagnetic wave attenuation in a 
microwave absorbent, the dielectric loss tangent (tanδE=ε’’/ε’) and magnetic loss 
tangent (tanδM=µ’’/µ’) were calculated based on the measured complex permittivity 
and permeability. Figure 3(a) and (b) show the dielectric loss tangent and magnetic 
loss tangent of the Mn3O4 nanoparticles and RGO/Mn3O4 nanocomposites. For the 
nanocomposites, tanδE was in the range of 1.10 -0.67 between 2 and 18 GHz, which is 
much higher than that of pure Mn3O4 with the largest dielectric loss of only 0.026 at 
18 GHz. The excellent dielectric loss tangent properties of the nanocomposites could 
be concluded from the Debye dipolar polarization relaxation, interfacial polarization 
relaxation and the unique conductivity of RGO, etc [33,34]. First, there were dipoles 
with Mn3O4 particles, especially when their sizes were in the nanoscale. Based on the 
surface effect of the nanomaterial, with the decreasing in size, the number of surface 
atoms with unsaturated bonds increased greatly, causing an increase of the dipoles. 
Consequently, the dipole polarizations and electrons could not match up with the 
changes of EM field in the high frequency which led to the Debye relaxation 
contributing to the dielectric loss. Second, the vacancies at interfaces between Mn3O4 
nanoparticles and RGO nanosheets [2,7], together with the defects on the graphene 
basal plane caused by the adverse excessive restacking of graphene nanosheets could 
act as polarized centers for the dipole polarization relaxation, enhancing the dielectric 
loss and electromagnetic energy dissipation [35]. Furthermore, as a result of the 
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excellent conductivity of the 2D RGO nanosheet, some conductive micro-networks 
and micro-capacitors could be formed in the nanocomposities leading to a reduction 
of resistivity and thus generated a polarization in the internal of medium. According to 
the free electron theory mentioned above, the ε’’ became higher with the reducing of 
resistivity and induced an increase in dielectric loss. With the appearance of internal 
polarization of medium, the eddy current would occur when the polarization vector 
( p ) lagged behind the changes of electronic field and it converted the EM energy into 
thermal energy. In addition, such a high dielectric loss tangent could also be linked to 
the electron hoping between Mn2+ and Mn3+ ions through the conductivity paths 
constructed by the RGO as the EM wave field applied. A further demonstration of the 
possible mechanisms of dielectric loss of the nanocomposites is presented in Figure 4. 
The very low magnetic loss tangents of both samples (Figure 3(b)) indicated that the 
EM loss of these materials was dielectric type and the reasons for the negative value 
of magnetic loss tangent, is also referred. 
The enhanced intrinsic electrical conductivity and dielectric constant induced by 
the micro-current network and MSW polarization in the nanocomposites could 
improve the EMI shielding effectiveness (EMI SE), which is a combined result of the 
reflection relative to the surface of the absorber (SER), the absorption of the EM 
energy (SEA) and the multiple internal scattering of EM radiation (SEM) [36]. 
According to the Schelkunoff formula [37]
 
based on the Transmission line model 
[38,39], the EMI shielding effectiveness (SEtotal) for a shielding material, is described 
by Equation (1) [37].   
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MARtotal SESESESE ++= (1) 
Where SER, SEA and SEM are calculated by Equation (2), (3) and (4) as below: 






+=
r
r
R fSE µ
σlg102.168 (2) 
rrA ftSE σµ43.131= (3) 
( )[ ]AA SEASEM SESE 2.01.0 1023.0cos1021lg10 −− +×−= (4) 
Where f is the microwave frequency, µr is the relative permeability, t is the 
thickness of the shielding material, σr is the relative conductivity of the shielding 
material relative to the copper. The correction term SEM can be ignored in all practical 
applications when SEtotal＞10 dB. On the basis of Maxwell equation, the relationship 
between σr and imaginary permittivity can be deduced as Equation (5) and (6). 
00 2 εεfpiσ ''=                  (5) 
cur σσσ 0=                (6) 
Where ε” is the imaginary permittivity with the dimension of 1, ε0 is the permittivity 
of free space with the dimension of F/m. The reflection loss (SER) is the result of the 
matching effectiveness between conductivity and magnetic permeability of the 
material. It indicates a larger reflection loss when there is a poor matching. On the 
other hand, absorption loss (SEA) is caused by the heat loss under the action between 
electric dipole or magnetic dipole, which makes it clear that material with higher 
absorption loss performance should not only have the higher electrical conductivity 
but also higher magnetic permeability.  
Based on Equation (1)-(6), the EMI SE of the nanocomposites and Mn3O4 
nanoparticles versus the frequency is presented in Figure 5. It can be seen that the 
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EMI SE of the nanocomposites was much improved compared with the Mn3O4 
nanoparticles. This improvement indicated that the enhanced conductivity resulted in 
poor impedance matching properties thus leading to a high reflection of incident 
microwave. The EMI SE of nanocomposites also increased with the frequency. 
Especially, when the electromagnetic wave frequency was in X (8-12 GHz) and Ku 
(12-18 GHz) band, the EMI SE of composites reached above 20 dB which is the 
target value required for commercial application.  
4. Conclusion 
In conclusion, the RGO/Mn3O4 nanocomposites with enhanced dielectric loss 
property have been synthesized by a one-step hydrothermal method. Attributing to 
Debye dipolar relaxation, electron polarization relaxation, interfacial polarization 
relaxation and the unique conductivity of RGO, etc, a much improved dielectric loss 
performance and EMI SE were achieved as compared with the pure Mn3O4 
nanoparticles. It is believed that such nanocomposites will find applications in 
microwave attenuation field and can also be extended to other areas, such as lithium 
ion batteries and supercapacitors.           
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Figure 1 (a) XRD patterns of Mn3O4 nanoparticles and RGO/Mn3O4 nanocomposites; 
(b) Comparison of Raman spectra of the RGO/Mn3O4 nanocomposites and 
GO; (c) TEM and (d) HRTEM images of the RGO/Mn3O4 nanocomposites. 
 
Figure 2 Frequency dependence of the relative complex permeability (a) and complex 
permittivity (b) of Mn3O4 nanoparticles and RGO/Mn3O4 nanocomposites. 
 
Figure 3 The dielectric loss tangent (a) and magnetic loss tangent (b) of Mn3O4 
nanoparticles and RGO/Mn3O4 nanocomposites, respectively. 
 
Figure 4 The schematic of possible dielectric loss mechanisms of RGO/Mn3O4 
nanocomposites. 
 
Figure 5 EMI shielding effectiveness of Mn3O4 nanoparticles and RGO/Mn3O4 
nanocomposites. 
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